ABSTRACT Platelet-derived growth factor (PDGF) stimulates the incorporation of 32P from [y-32P]ATP into a Mr z170,000 protein by an endogenous tyrosine-specific protein kinase in membrane preparations of Swiss mouse 3T3 cells. Epidermal growth factor (EGF), but not fibroblast growth factor (FGF) or insulin, stimulates limited incorporation of 32P into a protein of similar molecular weight. The ligand concentration required for halfmaximal activity (S0 5) for PDGF stimulation of phosphorylation is 50 ng/ml; saturation is achieved at 300 ng/ml. The SO.5 for ATP is 15 jiM. Mg2' or Mn2+ is required for protein kinase activity. Stimulation by PDGF results in the preferential phosphorylation of tyrosine residues in this Mr =170,000 membrane protein. The Mr "170,000 protein can be resolved into Mr 4180,000 and 160,000 components in 4% NaDodSO4 gels. PDGF stimulates 32P incorporation preferentially into the Mr 4180,000 and less extensively into the Mr '160,000 protein. EGF stimulates 32p incorporation predominantly into a protein of Mr '160,000. The similarity of PDGF and EGF in stimulating phosphotyrosine-specific protein Idnase activity and the stimulation of a similar activity by viral transformation (src) genes suggest that a common mechanism may exist for the phenotypic expression of increased DNA synthesis and cell growth stimulated by these separate factors.
The mechanisms whereby polypeptide growth factors stimulate target cells to synthesize DNA and to enter cell division remain unresolved. Recently, epidermal growth factor (EGF) was shown to stimulate the phosphorylation of Mr 150,000 and Mr 170,000 membrane proteins in A431 epidermal carcinoma cells (1, 2) . Phosphotyrosine has been identified in hydrolysates of the protein phosphorylated by the membrane protein kinase activity expressed in target cells after exposure to EGF; this protein has been isolated and shown to contain protein kinase activity itself and to be associated with EGF binding activity (3) (4) (5) (6) . This EGF stimulation of protein kinase activity is of additional interest because of recent findings that the product of the Rous sarcoma transformation gene (src) is a protein kinase that also specifically phosphorylates tyrosine residues in target proteins (7) (8) (9) (10) .
We recently purified the platelet-derived growth factor (PDGF) to apparent homogeneity. Two separate, equally active proteins-PDGF I and PDGF II-were separated and found to be glycoproteins of different carbohydrate composition but with essentially identical amino acid compositions (11, 12) . PDGF I and PDGF II bind to Swiss mouse 3T3 cells equally well with an apparent Kd of 10-9M, a figure nearly identical with the apparent Km measured for the PDGF-dependent stimulation of DNA synthesis (ref. 13; unpublished data).
We also recently observed the stimulation ofphosphorylation of a cytoplasmic Mr 33,000 protein within 3 min after the addition of PDGF to confluent Swiss mouse 3T3 cells (14) . Phos The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
4304 Biochemistry: Nishimura et aL acid at an appropriate time. The trichloroacetic acid precipitates were washed twice, solubilized in 2% NaDodSO42% 2-mercaptoethanoV10% glyceroV0.004% bromophenol blue/60 mM Tris*HCI, pH 6.8, and heated at 1000C for 2 min. Electrophoresis was performed in 7.5% polyacrylamide gels with 0.1% NaDodSO4 (18) . NaOH treatment ofgels was performed by the method of Cheng and Chen (19) after fixation and Coomassie blue staining. Destained gels were dried and subjected to autoradiography for 1-3 days by using Kodak X-Omat AR film.
In other experiments, gels were cut, solubilized in 30% H202
at 80'C for 5 hr, and assayed directly for radioactivity.
Analysis of Phosphorylated Amino Acids. The Mr =170,000 protein was extracted from gels in 0.05 M NH4HCO3 containing 0.1% NaDodSO4, as described by Beemon and Hunter (20) . Fifty micrograms of carrier bovine serum albumin was added, and the protein was precipitated by 20% trichloroacetic acid at 40C, washed with ethanol, and successively washed with ethanoVether (1:1) and suspended in 6 M HC1 for partial acid hydrolysis at 100'C for 2 hr in tubes sealed under vacuum. The HCl was removed by evaporation and the hydrolysates were dissolved in a marker mixture containing phosphoserine, phosphothreonine, and phosphotyrosine (1 mg/ml each) and analyzed on cellulose MN 300 (Brinkmann, Westbury, NY) (0.1 mm) thin-layer plates by electrophoresis at pH 1.9 (acetic acid/ formic acid/H20, 78: 25: 897) for 60 min at 1.5 kV, followed by electrophoresis at pH 3.5 (acetic acid/pyridine/H20, 1:20:379) for 40 min at 1 kV. The markers were detected by staining with ninhydrin.
RESULTS
To establish preliminarily whether PDGF activated a membrane protein kinase, 3T3 cell membranes were preincubated with or without PDGF (300 ng/ml) for 30 min at 4°C and were incubated at 4°C for 10 min with [y-32P]ATP (25 ,uM) . Fig. 1 shows an autoradiograph (Left) with a marked increase in 32P-labeled protein(s) from PDGF-stimulated membranes migrating at Mr 170,000. Phosphotyrosine and phosphothreonine are substantially more stable to hydrolysis by strong base than is phosphoserine. Therefore, the gels were incubated with 1 M NaOH for 1 hr at 370C and analyzed by autoradiography (Right).
The radiolabeled protein(s) at Mr z170,000 are more prominent in comparison with other phosphorylated protein bands after alkaline treatment, suggesting that the Mr -170,000 protein may contain [3P]phosphotyrosine or [32P] phosphothreonine. Experiments at temperatures higher than 4°C consistently resulted in diminished apparent 32P incorporation into protein-a result ascribed to hydrolysis of 32P-labeled proteins by endogenous phosphatases. Fig. 2 shows the time course of the PDGF-stimulable 32p incorporation into the Mr 170,000protein. Membranes preincubated for 30 min at 4°C in the presence or absence of PDGF at 300 ng/ml were incubated with [y-32P]ATP for the times indicated. Autoradiographs of membrane proteins after NaDodSO4 gel electrophoresis were prepared and the band migrating at Mr =170,000 was extracted and radioactivity was measured. An approximately 2.7-fold increase in 32p incorporation at 30 min was found in membranes exposed to PDGF in comparison to that in non-PDGF-exposed membranes. Increased activity over baseline was seen as early as 2 min. At 10 min, a 2.5-fold increase was demonstrated. The relatively reduced 32p incorporation into the Mr =170,000 protein(s) at 60 min is likely due to release of incorporated 32P by endogenous membrane phosphatases. The baseline stimulatory activity may derive from carry-over stimulation by serum PDGF in the growth medium or may arise from non-PDGF-stimulable protein kinase activity.
Membranes were exposed to PDGF for different times and incorporation of 32p into the Mr -170,000 protein was measured. As shown in Fig. 3 (14) . Receptor affinity for PDGF may be modified during preparation of'3T3 cell membranes; this has not been directly tested.
Other growth stimulatory proteins were compared with PDGF. Fig. 5 compares the incorporation of 32p into the Mr -170,000 protein stimulated by' PDGF, EGF, FGF, and insulin-all at 100 nM. Neither FGF nor insulin was effective. EGF stimulated 3P incorporation at =50% of the level stimulated by PDGF. Slight differences were consistently noted in the gel patterns ofthe phosphorylated proteins between PDGFand EGF-stimulated 3T3 cell membranes. cause ofthe low absolute radioactivity incorporated and because of losses in preparation, quantitation of 32p incorporation into serine and tyrosine residues.yielded variable results. Autoradiographs and quantitative tracings of single dimensional gels of hydrolysates yielded consistent results (Fig. 8) . Free phosphate and phosphoserine were readily detected in hydrolysates from the Mr 170,000 protein from membranes with orwithout PDGF exposure. Non-PDGF-treated membranes showed essentially no phosphotyrosine, whereas phosphotyrosine was present in substantial quantities in hydrolysates of the Mr ""170,000 protein from PDGF-treated membranes incubated with Ly-32P]ATP. The absoluteincrease in tyrosine phosphorylation was greater than that ofserine; PDGF preferentially stimulates tyrosine phosphorylation in the Mr =170,000 membrane protein. PDGF stimulated phosphorylation of tyrosine 10-fold, whereas PDGF stimulation of phosphorylation of serine was 1.5-fold. This relative increase in phosphotyrosine most likely is. considerably greater than 10-fold; phosphotyrosine is substantially more acid labile than is phosphoserine (21) , and thus preferentially hydrolyzed in the hydrolysis of the isolated protein.
Because the Mr =z 170,000 phosphoprotein band was broad in autoradiographs of all gels (7.5%) analyzed, further analysis was attempted with PDGF-and' EGF-stimulated membranes in 4% gels. The 4% gels separated 32P-containing proteins OfMr "'180,000 and of Mr ""160,000 (Fig. 9) . PDGF stimulated 32p incorporation preferentially into the Mr ==180,000 protein and Ft. 7 . Analysis of phosphorylated amino acids in the Mr "170,000 protein from control. and PDGF-stimulated membranes.
Four hundred micrograms of membrane protein was phosphorylated with or without PDGF as described and was subjected to 7.5% NaDodSO4 gel electrophoresis. The Mr -170,000 protein was extracted and subjected to acid hydrolysis. Two-dimensional electrophoresis was thenperformed as described andautoradiographs were prepared. Phosphorylated amino acids were identified by comparison with standards stained with ninhydrin. P-Ser, phosphoserine; P-Thr, phosphothreo- (1-4, 6, 22) . Tyrosine-specific protein kinases also are found in cells transformed by the viral transformation gene (src), suggesting that a common mechanism may be shared for phenotypic expression of the cell growth characteristic of transformed and growth factor-stimulated cells (7, (23) (24) (25) (26) (27) (28) (29) (30) .
We have previously reported that PDGF stimulates phosphorylation of a Mr -33,000 protein in Swiss mouse 3T3 cells (14) . This 
